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1. Introduction {#sec0001}
===============

Biological aging is defined by the loss of physiological integrity. Almost every organ in the human body is affected by the detrimental effects of aging. Skeletal muscle is no exception. Muscle mass and function decline with age [@bib0001]. This age-dependent loss of muscle quality and quantity defines the sarcopenic phenotype according to the European Working Group on Sarcopenia in Older People [@bib0002]. Since 2018, sarcopenia is considered a muscle disease and muscle strength is superior to muscle mass in predicting adverse outcomes. Thus, muscle strength is considered the primary parameter defining sarcopenia [@bib0002].

The importance of a clinical definition identifying sarcopenic patients is highlighted by an increasingly aging population. Currently, around 10% of elderly patients are considered sarcopenic. This number is expected to rise dramatically. In Europe, a 72% increase in the number of sarcopenic patients until 2045 is expected, severely impacting the quality of life [@bib0003].. However, an exact understanding of the underlying mechanisms leading to sarcopenia and its clinical consequences is still lacking. Immunological dysregulation and chronic inflammation have been discussed in the multifaceted pathogenesis of sarcopenia. The interaction between the immune system and the muscle compartment has been thought to be unilateral. Lately however, skeletal muscle has been shown to regulate immunological processes and the inflammatory response [@bib0004]. With respect to immune function, although lacking an undisputed definition, the term immune senescence is commonly used to summarize the age-dependent deterioration of the immune system. Key features of immune senescence are thymic atrophy, accumulation of senescent T-cells, impaired function of innate immune cells such NK-cells, macrophages and neutrophils, and defective maintenance and functional response of lymphocytes \[[@bib0005],[@bib0006]\] Age-dependent alterations of the immunological function of skeletal muscle have also been observed \[[@bib0007],[@bib0008]\] Therefore, sarcopenia and immune senescence might be linked/interact via the skeletal muscle. In this review, we will discuss a potential central role of skeletal muscle in regulating its own and immune system function during aging.

2. The disease burden of sarcopenia: a risk factor for infections {#sec0002}
=================================================================

Recently, several adverse outcomes of sarcopenia have been identified. These include but are not limited to an increased risk of falls leading to fractures, disability and functional impairment, dysphagia, lower quality of life, and all-cause mortality [@bib0002].

Sarcopenia predicts the risk for infection after surgery [@bib0009]. Additionally, after three weeks of hospitalization patients diagnosed with sarcopenia showed a two-fold increased risk of developing nosocomial infections [@bib0010]. The impact of sarcopenia on the risk of infection in community-dwelling patient is less clear as the lack of epidemiological studies precludes a conclusive statement. However, sarcopenia predicts both the risk for community-acquired pneumonia in the elderly [@bib0011] as well as 90-day mortality in patients suffering from aspiration pneumonia [@bib0012].

Although the studies outlined above do not establish causality, they suggest a link between impaired muscle function and an impaired immune response to pathogens. Given the high incidence for sarcopenia and the increased risk for infections in elderly patients, the implications are profound as sarcopenia might constitute both a clinical predictor for patients at risk as well as a potential therapeutic target to ameliorate infection-associated morbidity in the elderly.

3. Skeletal muscle as a potential central regulator of immune system function {#sec0003}
=============================================================================

In the last two decades, the perception of skeletal muscle as a pure locomotors unit has shifted. Muscle is increasingly recognized as an organ with immune regulatory properties. As such, skeletal muscle cells modulate immune function by signalling through different soluble factors, cell surface molecules or cell-to-cell interactions [@bib0004]. Although our knowledge of the muscle-immune system interplay has advanced considerably, the impact of age is relatively unknown. Sarcopenia may severely disturb this interaction, providing a potential explanation for the observed clinical outcomes of sarcopenic patients. In the following chapters we will discuss the possible mechanisms responsible for the impact of aging skeletal muscle on immune system function and vice versa ([Fig. 1](#fig0001){ref-type="fig"}).Fig. 1**Aging of skeletal muscle is central in the pathogenesis of immune senescence and sarcopenia.** Multiple pathways are affected, including insufficient myokine signalling (IL-6, IL-7, IL-15), shifting of membrane bound immune regulatory factors towards a pro-inflammatory profile, impaired immune cell function and altered body composition.Fig. 1:

3.1. Soluble factors {#sec0004}
--------------------

Muscle is increasingly recognized as an endocrine organ producing and releasing cytokines and other peptides, which exert autocrine, paracrine and endocrine activity on numerous tissues. Consequently, these soluble factors are commonly termed myokines. Proteomic profiling has been applied to the secretome of skeletal muscle and identified more than 300 potential myokines [@bib0013]. Myokines such as IL-6, IL-7, IL-15 or LIF have been shown to modulate the immune system [@bib0013]. Remarkably, serum concentrations of myokines such as IL-7 and IL-15 are inversely correlated with age, suggesting a link between skeletal muscle and age-dependent loss of immune system function \[[@bib0007],[@bib0008],[@bib0014]\]

**IL-15: a recipe for sustained immune function?**

IL-15 belongs to the same family of cytokines as IL-2, communicating down-stream effects via the Janus kinases 1 and 3, STAT3 and STAT5 pathways. IL-15 is expressed in various cells and tissues, including muscle and there is a growing evidence implicating IL-15 as a myokine [@bib0015]. IL-15 mRNA expression and IL-15 immunoreactivity in muscle were significantly elevated in obese rats undergoing treadmill training in comparison with sedentary rats [@bib0016]. Corroborating the effects seen in rodents, biopsies obtained from humans completing a strenuous resistance exercise protocol displayed 2fold higher IL-15 mRNA levels after 24 h of recovery[@bib0017] and increased IL-15 plasma levels were observed in untrained, male subjects after exercise [@bib0018]. Of note, IL-15 release in response to exercise seems to be pulsatile and is not sustained over a longer period of time [@bib0018]. On a molecular level, the 5′-AMP-activated protein kinase (AMPK) acts as a sensor of intracellular energy levels in skeletal muscle [@bib0019]. Consequently, AMPK is crucial for exercise induced IL-15 production and release since transgenic mice with a functionally inactive AMPK showed reduced levels of both IL-15 mRNA and plasma concentration [@bib0015]. Interestingly, AMPK activity declines with aging, thus providing a potential molecular mechanism underlying impaired IL-15 signalling in aged muscle \[[@bib0015],[@bib0020]\] The implications of exercise-induced regulation of systemic IL-15 levels are profound: IL-15 is crucial in maintaining immune function while also stimulating myogenesis and reducing adipose tissue distribution. Acting independently or in synergy with IGF-1, IL-15 is able to induce myosin heavy chain synthesis. Additionally, IL-15 affects other cell types that compose skeletal muscle such as resident fibro-adipogenic progenitors (FAP). IL-15 stimulates the proliferation of FAPs while also inhibiting differentiation of FAPs into adipocytes, thereby promoting muscle regeneration [@bib0021]. IL-15 also exerts a catabolic effect on adipose tissue, effectively reducing adiposity therefore regulating body composition [@bib0022]. Given the emerging role of adipose tissue in the pathogenesis of sarcopenia, impaired IL-15 signalling may contribute to the coalescence of sarcopenia and obesity.

Moreover, IL-15 is crucial in the development and maintenance of immune cells. The proliferation, activation and distribution of NK-cells are regulated by IL-15. Similarly to NK-cells, IL-15 modulates CD8 T-cell homeostasis and promotes survival of naïve T-cells as well as proliferation of B-cells [@bib0023]. NK-cells and CD8 T-cells are necessary for the effective clearance of viral pathogens and the destruction of tumour cells. Consequently, the immune response in IL-15 knockout mice infected with the vaccinia virus was impaired [@bib0024]. IL-15 is also implicated in the innate immune response by enhancing neutrophil migration and phagocytosis [@bib0025].

IL-15 signalling is therefore essential in maintaining body composition and immune function. However, a decline in serum levels of IL-15 and soluble IL-15Rα was observed in murine aging models and expression of intramuscular IL-15 and IL-15Rα decreases in aged rats \[[@bib0008],[@bib0014]\] Substantiating this data, an age-dependent decline in IL-15 serum levels in humans has been reported [@bib0007]. Although the impact of IL-15 in an aging system is not yet fully understood, IL-15 signalling is implicated in sustaining NK-cells, neutrophils and lymphocyte function in old age.

**On a knife´s edge: The dual role of IL-6**

IL-6 exerts a complex biological profile. Broadly, IL-6 can exert both pro- and anti-inflammatory effects and even promote muscle anabolism or catabolism depending on the target structure, the predominant cytokine environment and the mode of release.(1)**pro-inflammatory and catabolic effects**As part of the inflammatory secretome, IL-6 is secreted in response to infection or tissue damage by a plethora of cells such as neutrophils, T- and B-cells, macrophages and endothelial cells [@bib0026]. Pro-inflammatory effects of IL-6 signalling include enhanced T-cell recruitment and expansion, stimulation of antibody production from B-cells, abrogation of de novo regulatory T-cell (Treg) differentiation and enhanced lymphocyte trafficking due to upregulation of cell adhesion molecules such as ICAM-1 and CCL-21 [@bib0026]. Besides activation of immune system function in response to pathogens, IL-6 signalling is part of age-related chronic low-grade inflammation and implicated in the pathogenesis of sarcopenia [@bib0027], [@bib0028], [@bib0029]. Under physiological conditions the activity of IL-6 is limited to the duration of the injury, while chronic low-grade inflammation is associated with prolonged exposure to IL-6 signalling.IL-6 was shown to facilitate muscle atrophy by blunting muscle anabolism and energy homeostasis and may also directly mediate muscle catabolism [@bib0030]. Transgenic mice chronically overexpressing IL-6 displayed a marked loss of muscle mass coinciding with increased cathepsin activity. Treating these mice with an IL-6 receptor antibody mitigated the detrimental effect of IL-6 on muscle [@bib0031]. Interestingly, IL-6 is also produced by FAPs and was shown to promote muscle atrophy and fibrosis mediated by aberrant STAT3-IL-6 signalling. Therefore, this mechanism may contribute to the sarcopenic phenotype seen in various neuromuscular diseases or in the elderly [@bib0032].However, IL-6 knockout mice displayed no significant difference in muscle catabolism as compared to wild type mice in experimentally induced sepsis [@bib0033]. These findings indicate that the sole action of IL-6 is not sufficient to induce muscle wasting; instead, the catabolic effect of IL-6 is dependent on the synergistic interaction with other factors mediating the inflammatory response. Thus, IL-6 mediated muscle catabolism depends on (a) the chronic exposure to IL-6 and (b) the concomitant activity of other pro-inflammatory cytokines such as TNF-α.(1)**anti-inflammatory and anabolic effects**Interestingly, IL-6 can also act as a major myokine. The concentration of circulating IL-6 increases drastically following exercise and depends on intensity of muscle exercise implicating that IL-6 is released from skeletal muscle in order to restore muscle homeostasis after exercise [@bib0034]. Indeed, IL-6 signalling is pivotal for skeletal muscle regeneration and hypertrophy by regulating satellite cell function and enhancing glucose metabolism [@bib0035].The ability of IL-6 to induce skeletal muscle anabolism as well might be explained by a different biological profile. Exercise leads to a Ca^2+^ release from the sarcoplasmic reticulum [@bib0036]. In response to Ca^2+^, calcineurin, an activator of the nuclear factor of activated T-cells (NFAT), mediates IL-6 production in myocytes. Of note, elevating intracellular Ca^2+^levels in turn inhibit TNF-α expression [@bib0037]. Consequently, in response to exercise only IL-6 is secreted, while TNF-α levels remain largely unchanged. Only strenuous exercise, such as running a marathon, provoked a minor TNF-α response [@bib0038]. Further independent pathways such as p38 MAPK are induced by exercise mediated glycogen-usage and lead to increased IL-6 mRNA levels [@bib0039]. Therefore, exercise-induced IL-6 release displays a markedly different biological profile than IL-6 exposure seen in chronic, low-grade inflammation. Indeed, subjects, who were injected with a low dose of Escherichia coli endotoxin after three hours of cycling, did not mount a TNF-α response, while a resting control group injected with the same amount of toxin displayed a TNF-α increase up to 3fold as compared to baseline levels [@bib0040]. The intricate link between IL-6 and TNF-α is of importance, because TNF-α is not only implicated in the pathogenesis of sarcopenia but also able to reduce CD28 expression on T-cells resulting in the accumulation of CD28 negative T-cells, a hallmark of immune senescence \[[@bib0041],[@bib0042]\]Under certain circumstances IL-6 might also have anti-inflammatory effects. Human IL-6 induced secretion of IL-1 receptor antagonist (IL-1ra) and IL-10 in healthy volunteers [@bib0043]. IL-1ra inhibits the inflammatory effect mediated by IL-1, IL-1α and IL-1β and recombinant IL-1ra is currently tested in the treatment of autoimmune diseases [@bib0044]. IL-10 limits Th 1 inflammatory response, inhibits NF-κB signalling and TNF-α release [@bib0045]. Of note, IL-10 is also implied in B-cell differentiation, which is impaired in aging individuals as part of immune senescence [@bib0045].

In conclusion, IL-6 is indeed a "double-edged sword" [@bib0034]. Chronic exposure and the concomitant action of pro-inflammatory cytokines such as TNF-α cause IL-6 to exhibit pro-inflammatory properties, ultimately leading to muscle catabolism and disruption of immune homeostasis. However, in the absence of pro-inflammatory cytokines, pulsatile IL-6 release in response to exercise is crucial for myogenesis and the regulation of the inflammatory response. In the context of sarcopenia, we propose that IL-6 signalling may shift towards the pro-inflammatory profile as skeletal muscle function is gradually lost in an aging system ([Fig. 2](#fig0002){ref-type="fig"}).Fig. 2**Aging tips the scales of IL-6 signalling.** Chronic exposure to IL-6 and the concomitant release of pro-inflammatory cytokines promote pro-inflammatory effects and muscle catabolism due to IL-6 signalling. The pulsatile release of IL-6 in response to exercise is impaired in sarcopenia resulting in reduced anti-inflammatory effects and impaired muscle anabolism mediated by IL-6. The biological effect of IL-6 is mediated both by canonical and by trans-signalling.Fig. 2:

**IL-7**

IL-7 signalling plays an important role in the development and maintenance of immature lymphocytes while also supporting thymic function [@bib0007]. IL-7 is primarily produced by the stromal and epithelial cells of the thymus [@bib0046]. The expression of IL-7 declines with age in mice [@bib0047]. Accordingly, an age dependent decrease of IL-7 serum levels has been reported in humans [@bib0007]. Recently, IL-7 has been classified as a myokine due to its expression and secretion from skeletal muscle cells [@bib0048]. While the impact of age on skeletal muscle as a source of IL-7 remains to be investigated, exercise can restore the decline of IL-7 levels observed in old age, highlighting skeletal muscle as a potential source of IL-7 [@bib0007]. However, down-stream signalling of the IL-7 receptor mediated by Jak1 and −3 activation resulting in phosphorylation of STAT-molecules is impaired with age [@bib0049]. In line with this data, IL7 receptor knock-out mice display defects of early lymphopoiesis characteristic for immune senescence [@bib0050]. Thus, defective IL-7 signalling is implicated as a link between skeletal muscle and the aging phenotype of immune senescence [@bib0007].

3.2. Membrane bound factors and the senescence-associated secretory phenotype {#sec0005}
-----------------------------------------------------------------------------

Membrane bound factors constitute a pivotal aspect of the immune-muscle system interface. As such, skeletal muscle expresses a number of crucial immune modulatory molecules such as ICAM-1, ICOSL, CD40, B7-H1, NKG2DL or PD-L1 [@bib0004]. The direct effect of aging on the expression of these molecules remains to be elucidated. However, senescent cells, namely endothelial and epithelial cells, that accumulate during aging often express a senescence-associated secretory phenotype (SASP) with overexpression of IL-1β, IL-6, IL-8, TNF-α and IFN-γ among others [@bib0051]; Senescence of cells resident in skeletal muscle itself might induce changes in aged muscle cells and fibres by the senescence-associated secretory phenotype, since muscle injury induces senescent cell accumulation in young mice[@bib0052] and xenotransplantation of senescent cells into mouse skeletal muscle induced markers of senescence in muscle fibres [@bib0053]. Thus, senescence of tissue resident cells might exert a paracrine effect through the SASP and modulate aged muscle cells, possibly providing a further link between aging of skeletal muscle and immune senescence. Correspondingly, cytokines associated with the SASP were shown to induce the expression of pro-inflammatory surface molecules such as ICAM-1 or B7-H1 (CD80) in human muscle cells [@bib0054], [@bib0055], [@bib0056]. Therefore, the SASP associated with cells resident in skeletal muscle might also modulate the expression of further surface molecules in skeletal muscle cells and promote an inflammatory environment. However, further research investigating this link is clearly needed. Of note, elimination of senescent cells in old mice through pharmacological or genetic interventions was able to highly improve function of aged muscle, thus delineating a potential treatment modality for the management of sarcopenia and its associated ailments [@bib0057].

3.3. Cellular factors: muscle-immune cell interactions {#sec0006}
------------------------------------------------------

The regenerative potential of skeletal muscle is dependent on the interaction between skeletal muscle and immune cells. In response to injury, immune cells infiltrate skeletal muscle in order to restore muscle homeostasis by removing necrotic cells and secreting growth factors necessary for satellite cell proliferation and differentiation [@bib0058]. The physiological functions of immune cells are gradually lost with advanced age leading to impaired regenerative capacity of skeletal muscle [@bib0059].

A major subset of T-cells infiltrating skeletal muscle are CD4^+^FoxP3^+^ Tregs, which constitute around 50% of CD4^+^ *T*-cells infiltrating muscle, and control muscle inflammation upon tissue damage. Of note, Treg homeostasis is impaired in aged mice due to increased turn-over rates and reduced recruitment from the circulating T cell pool [@bib0060]. Treg function is dependent on IL-33 signalling. In the context of skeletal muscle, IL-33 is mainly expressed by cells resembling fibro/adipogenic progenitor cells in response to tissue injury. In older animals, IL-33 signalling is significantly blunted due to reduced IL-33 expression and reduced number of IL-33 secreting fibro/adipogenic progenitor-like cells [@bib0060]. Rescuing Treg function in old mice by IL-33 injection improved muscle regeneration as evidenced by histological analysis, which is attributed to an increased satellite cell expansion and a shift of the muscle transcriptome towards a muscle repair signature. In part, Treg and satellite cell interaction is mediated by amphiregulin, a growth factor directly acting on satellite cells [@bib0061]. Besides promoting tissue regeneration, Tregs are potent regulators of inflammation able to suppress muscle inflammation. Therefore, defects in Treg function may promote the catabolic effect of inflammation in aged muscle. [@bib0058] A rodent model of experimental autoimmune myositis substantiates this data, as EAM mice depleted of Tregs displayed increased disease severity, whereas injection of polyclonal Tregs into EAM mice ameliorated disease activity [@bib0062]. Consequently, integrity of Treg activity is pivotal for sustaining muscle health into old age, as Tregs regulate both inflammation and regeneration of skeletal muscle.

Besides Tregs, macrophages regulate tissue regeneration and inflammation in response to injury. Based on the corresponding stimuli, macrophages exhibit a continuum of phenotypes and are able to exhibit both pro- and anti-inflammatory properties [@bib0063]. As such, IGF-1 produced by anti-inflammatory macrophages is a major driver of tissue regeneration and limits tissue inflammation [@bib0064]. While systemic IGF-1 is mainly produced in the liver and serum levels decline with age, little is known about the impact of age on the population of IGF-1 producing anti-inflammatory macrophages resident in skeletal muscle [@bib0065]. Interestingly, impaired macrophage polarization has been reported in old mice [@bib0066]. Consequently, it can be hypothesized that impaired activity of anti-inflammatory macrophages in old age contributes both to atrophy and inflammatory responses of skeletal muscle. However, further research is clearly necessary to understand the complex interplay between skeletal muscle cells and immune cells.

[In conclusion]{.ul}, skeletal muscle might be central in the pathogenesis of sarcopenia and immune senescence. Myokines, membrane bound factors and cell-to-cell interactions are potential communication pathways affected by ageing of skeletal muscle; a process that results in a plethora of adverse effects **(**[Table 1](#tbl0001){ref-type="table"}).Table 1Consequences of skeletal muscle ageing.Table 1:Consequences of skeletal muscle ageingEffectPotential mechanismsReferencesImpaired immunological protectionImpaired proliferation, activation and maintenance of NK cells and proliferation and survival of naïve T-cells an CD8 T-cells due to impaired IL-15 signalling(7, 8, 23, 24)Defective neutrophil migration and phagocytosis due to impaired IL-15 signalling(7, 8, 25)Impaired IL-7 signalling might lead to defective maintenance and development of T- and B-lymphocytes and thymic atrophy(7, 48, 49, 50)Establishment of a pro-inflammatory environmentImpaired IL-6 signalling as a myokineIncreased TNF-α production(40)Reduced IL-1ra and IL-10 levels(43, 44, 45)Expression of pro-inflammatory surface molecules in response to inflammatory secretome(5, 53--56)Impaired muscle regenerationImpaired function muscle resident Tregs(59--51)Impaired function of IGF-1 producing macrophages(62 - 65)Altered body compositionReduced IL-15 signalling leads to increased adiposity(22)Enhanced skeletal muscle wastingImpaired IL-15 induced myosin chain synthesis(22)Enhanced IL-6 signalling as part of the inflammatory secretome induces muscle catabolism(30--34)Accumulation of senescent cells in skeletal muscleDetrimental effect of the SASP on bystander-cells(51, 52, 53)Possible establishment of an inflammatory environment(53, 54, 55)

4. Sarcopenia and immune senescence: a bidirectional link {#sec0007}
=========================================================

As humans age, the immune system undergoes drastic changes. As detailed before, the umbrella term immune senescence is used to encompass these changes. Moreover, ageing is associated with increased serum levels of pro-inflammatory molecules, in particular CRP, TNF-α, and IL-6 [@bib0027], [@bib0028], [@bib0029]. While the source and complex regulation of this low-grade inflammation are subject of current research and beyond the scope of this review, cross sectional studies suggest an impact of low-grade inflammation on muscle health, since IL-6 is a significant predictor for sarcopenia [@bib0027], [@bib0028], [@bib0029]. Additionally, elevated serum levels of both TNF-α and CRP were associated with sarcopenia [@bib0027]. However, it should be noted that these studies are cross-sectional. Longitudinal studies examining the association of sarcopenia with markers of low-grade inflammation are sparse. A five-year prospective cohort study correlating cytokine levels and muscle mass concluded that elevated serum levels of IL-6 and CRP were significantly associated with the loss of total appendicular skeletal muscle [@bib0029]. Interestingly, a meta-analysis from 2016 reported a significant association of CRP levels with sarcopenia, while serum IL-6 and TNF-α did not differ between sarcopenic patients and controls [@bib0027].

So far, we have outlined that skeletal muscle exhibits immune regulatory properties and that chronic, low-grade inflammation may induce muscle wasting. The concept of skeletal muscle as a regulator of immune function is relatively new and adds a new layer of complexity to the muscle-immune system link. Consequently, the muscle-immune system connection might be bidirectional: Chronic, low-grade inflammation induces muscle catabolism via pleiotropic mechanisms mediated by the inflammatory secretome [@bib0028]. Concurrently, homeostasis of skeletal muscle is, in part, responsible for healthy immune function. However, when dysregulated, insufficient myokine signalling, alteration of membrane bound factors towards a pro-inflammatory profile and impaired regenerative capacities of immune cells might result in disruption of immune system function.

We propose that biological aging may disturb the equilibrium of muscle-immune system homeostasis with skeletal muscle acting as a potential central link between sarcopenia and immune senescence. Healthy muscle function is gradually lost in an aging biological system due to physical inactivity, metabolic changes and the accumulation of chronic, low-grade inflammation. In turn, impaired muscle function curtails skeletal muscle cell signalling needed for immune regulation and maintenance, cumulating in a vicious cycle in which immune and muscle system dysfunction sustain each other \[[@bib0007],[@bib0028]\]

Sarcopenic patients are at increased risk of infection, implicating a clinical correlate of impaired immune function \[[@bib0009],[@bib0010]\] The impact of sarcopenia on immune function with respect to autoimmune disease and cancer is less clear. The incidence of cancer and autoimmune disorders increases as people age, while, on average, muscle mass declines [@bib0067]. Although suggestive, causality cannot be deduced. Longitudinal studies investigating the influence of sarcopenia on the incidence of cancer and autoimmune diseases are needed.

5. Outlook: treating the muscle-immune system {#sec0008}
=============================================

Demographic change is a major challenge of our time. As our population grows older, age associated pathologies become more prevalent. Two of these pathologies, sarcopenia and immune senescence, might be intrinsically linked by skeletal muscle as central integrator and demand a feasible and effective treatment.

Exercise, a broad term summarizing physical activity with the goal of preserving or improving physical fitness, has already proven effective. In regard to sarcopenia, exercise has emerged as the most important and consistent treatment option, improving skeletal muscle metabolism and function [@bib0068]. Importantly, physical activity has also been shown to support immune function in old age, specifically improving vaccine responses and reducing chronic inflammation [@bib0069]. Physically active elders display higher numbers of naïve T-cells and recent thymic emigrants, two major hallmarks of immune senescence, as compared to sedentary age-matched controls [@bib0007]. Additionally, exercise is associated with improved neutrophil function, NK-cell cytotoxicity and vaccine responses [@bib0070]. The observed effects might be attributed to the thymoprotective effect of increased IL-7 levels seen in active individuals [@bib0007]. Thus, exercise may protect immune and muscle function against the detrimental effects of aging. As the level of physical activity is inversely correlated with all-cause mortality, exercise is emerging as a major driver of longevity [@bib0071]. Although ambitious to implement, exercise may be critical in protecting an aging population against the clinical consequences of sarcopenia and immune senescence. In addition to exercise, nutritional strategies might be able to improve function of aged skeletal muscle. Specifically, an increase of muscle strength relative to body mass has been observed in patients undergoing caloric restriction [@bib0072]. While the intricacies of the underlying mechanisms warrant further research, at least in part, the impact of caloric restriction on muscle function might be attributed to a reduction of circulating pro-inflammatory cytokine levels [@bib0073] as well as a potential senostatic effect of caloric restriction [@bib0053], providing a further possible link between muscle and immune system function.

Another promising treatment modality has been delineated by studies investigating models of heterochronic parabiosis. Here, the circulation of a young and an old rodent are surgically joined, elegantly demonstrating that soluble factors derived from the young environment are able to induce signalling pathways in the aged system. Subsequently, aged rodents in a heterochronic pairing displayed enhanced muscle regeneration as compared to old rodents in a homochronic pairing [@bib0074]. To date, the exact identity of the factor(s) mediating this rejuvenating effect remains elusive. Attributing the effect of parabiosis to a single factor seems doubtful, instead, the interplay of various factors may constitute a rejuvenating secretome able to maintain immune system and skeletal muscle function into old age. As detailed before, possible candidates for this profile are IL-7 and IL-15 among others. Although promising, mindfulness in regard to cytokine therapies is warranted as dysregulation of cytokine homeostasis is implicated in autoimmune disease, e.g. IL-15 plays a role in the pathogenesis of inflammatory myopathies [@bib0075]. Further research into the rejuvenating potential of exercise-linked cytokines is needed in order to engineer treatment strategies targeting age-associated pathologies.

6. Conclusion {#sec0009}
=============

Skeletal muscle regulates immune system functions via myokine signalling and the expression of immune modulatory surface molecules. Immune cells in turn critically influence muscle mass and function. Therefore, skeletal muscle may act as a central integrator between sarcopenia and immune senescence. Given their individual and socioeconomic burden innovative therapeutic approaches are urgently needed and targeting skeletal muscle might be able to restore both skeletal muscle and immune system function in aging individuals.

Outstanding questions {#sec0010}
---------------------

To translate sarcopenia and immune senescence research into clinical practice the following questions should be addressed by future research:

Exercise has proven effective in combating age-associated pathologies. In part, this effect is mediated by myokines secreted by skeletal muscle. Which are the myokines responsible for this beneficial effect? Does the muscle secretome differ between young and old individuals? And if so, which are the soluble factors responsible for the rejuvenating effect seen in models of heterochronic parabiosis? Can these factors be employed to ameliorate age-associated pathologies?

In the context of soluble factors, IL-15 is a promising candidate for the treatment of both immune senescence and sarcopenia. Recently, short term administration of IL-15 for the treatment of cancer has been proven to be safe. What are the adverse effects of long-term IL-15 treatment? Similarly, the thymoprotective effect of IL-7 was able to ameliorate features of immune senescence in aged athletes. Can IL-7 an IL-15 restore immune system and skeletal muscle function in old age? Can these myokines "mimic" the effect of exercise?

Immune cells, in particular infiltrating Tregs, are crucial for maintaining homeostasis of skeletal muscle. Therefore, it is crucial to identify the mechanisms responsible for the age-associated deterioration of Tregs. Can substitution of factors secreted by Tregs improve skeletal muscle pathology? Are cytokines such as IL-2 able to restore Treg function in aged skeletal muscle? What is the role of other immune cell subsets and their age-related alterations?

Finally, a holistic treatment strategy targeting age-associated pathologies should combine exercise, nutritional strategies and pharmacological interventions. However, given the complex and interlinked nature of sarcopenia and immune senescence, further research identifying the underlying mechanisms is needed. Which pathways are responsible for the coalescence of these pathologies? And which pathways enable certain patients to age "successfully"? How can we utilize these pathways?

Search strategy and selection criteria {#sec0011}
--------------------------------------
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